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INTRODUCTION 

V i r g i n i a  Po ly techn ic  I n s t i t u t e  and Sta te  U n i v e r s i t y  

I 

The n a t u r e  and r o l e  o f  t h e  l i q u e f a c t i o n  s o l v e n t  a re  t h e  keys t o  understanding 
l i q u e f a c t i o n  chemis t ry .  

as a h jd rogen t r a n s f e r  mechanism and as a c a t a l y s t  ( 1 ) .  I n  t h i s  regard  r e c e n t  work 
d i s s o l u t i o n  o f  c o a l  b u t  t w o  o f  t h e  most s i g n i f i c a n t  r o l e s  have been suggested t o  be 

w i t h  1,2,3,4-tetrahjdroquinol i n e  (THQ) as a model l i q u e f a c t i o n  s o l v e n t  has 
demonstrated i t s  a b i l i t y  t o  conver t  a v a r i e t y  o f  c o a l s ,  b o t h  b i t u n i n o u s  and 
s u b b i t m i n o u s ,  t o  p y r i d i n e  and t o l u e n e  s o l u b l e s  i n  a r a p i d  and n e a r l y  complete 

u l t i m a t e  goal  o f  convers ion  t o  d i s t i l l a t e  m a t e r i a l s  i n  h i g h  y i e l d s  remains t o  be  

a r e  adducted t o  t h e  d i s s o l v i n g  coal  t o  g i v e  a n o n - d i s t i l l a b l e  y e t  t o l u e n e / p y r i d i n e  
s o l u b l e  m a t e r i a l .  The purpose o f  t h e  present  work i s  t o  q u a n t i f y  t h i s  adduc t ion  w i t h  
r e s p e c t  t o  product d i s t r i b u t i o n  and t o  d i s c e r n  t h e  p o s s i b l e  modes o f  s o l v e n t  n i t r o g e n  
l o s s  e i t h e r  through adduct ion  i n t o  t h e  c o a l - d e r i v e d  produc t  o r  th rough thermal 
c r a c k i n g  o f  t h e  so lvent .  Products f rom an in-house t u b i n g  bomb r e a c t o r  and from K e r r  
k G e e  Corp. a r e  e x m i n e d .  I n  a d d i t i o n  a s e r i e s  o f  THQ-related model s o l v e n t s  w i l l  be 
e x m i n e d  i n  o r d e r  t o  a s c e r t a i n  t h e  e f f e c t  o f  s l i g h t  changes i n  s o l v e n t  b a s i c i t y ,  
n i t r o g e n  atom s u b s t i t u e n t  and n i t r o g e n  atom r i n g  p o s i t i o n  upon t h e  e x t e n t  o f  c o a l  
convers ion  t o  s o l u b l e  and d i s t i l l a b l e  m a t e r i a l .  

Solvent apparent ly  serves many purposes d u r i n g  the  I 
' p 

. fashion  (2 -4) .  Whi le h i g h  convers ions  t o  s o l u b l e  p roduc ts  have been r e a l i z e d ,  t h e  

I a t t a i n e d .  It i s  now apparent t h a t  d u r i n g  l i q u e f a c t i o n ,  s i g n i f i c a n t  p o r t i o n s  o f  THQ 

EXPERIMENTAL 

L i q u e f a c t i o n  exper iments on a Wyodak #3 western s u b b i t m i n o u s  c o a l  were 
performed both  in-house and a t  Ker r  MGee Corp. (Cresent,  OK). The in-house 
exper iments i n v o l v e d  p r e p a r a t i o n  o f  t h e  feed coa l  by d r y i n g  a t  293'K, 12 hours  under 
a s t r e m  o f  d r y  n i t r o g e n  and then g r i n d i n g  t o  l e s s  than 60 mesh p a r t i c l e  s i z e .  
K e r r  KGee sample was prepared i n  a d i f f e r e n t  manner which i n v o l v e d  d r y i n g  under 
vacuum a t  room temperature f o r  24 hours  f o l l o w e d  by g r i n d i n g  t o  60 mesh p a r t i c l e  
s i z e .  The proximate and u l t i m a t e  a n a l y s i s  (MF b a s i s )  f o r  b o t h  samples a r e  presented 
i n  Tab le  I .  

The 

TABLE I 

Proximate AI a1 yses U1 t i m a t e  Analyses 

1 

1 Ash 17.5 18.7 
V o l a t i l e s  58.4 47.9 
F i x e d  Carbon 24.1 33.4 

% wt.a - % Wt.b 

Carbon 56.1 57.2 
Hydrogen 3.2 4.6 
N i t rogen 0.8 0.8 
Oxygen 11.8 15.6 
S u l f u r  7.6 3.02 

aIn-house Sample (19.2% H20); bKerr  McGee Sample (24.1% H20) 
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L i q u e f a c t i o n  o f  t h e  feed coa l  proceeded under the  general c o n d i t i o n s  o f  2 : l  
so l ven t : coa l ,  
hydrogen atmosphere ( c o l d  charge) .  
40 mL m ic roau toc lave  vesse ls  w i t h  4 grans o f  coa l .  
i nvo l ved  a 1 l i t e r  au toc lave  vessel and 100 g r m s  o f  coal .  Sample workup f o r  t he  
in-house samples i n v o l v e d  e x t r a c t i o n  w i t h  to luene  and p y r i d i n e  t o  o b t a i n  a convers ion 
based on s o l u b i l i t y  and through d i s t i l l a t i o n  t o  a 1050°F endpoint  (300'C, 1.3 Pa). 
The Kerr WGee p roduc t  work-up i nvo lved  d i s t i l l a t i o n  o f  t h e  products  t o  a 850°F 
endpoint  a t  atmospheric pressure (400'F, 13.3 Pa). 
products  were ob ta ined  from G a l b r a i t h  Labora to r ies  ( K n o x v i l l e ,  TN). 

691'K r e a c t i o n  temperature, 30 minutes r e a c t i o n  t ime  and 7.5 MPa 
Experiments performed in-house were conducted i n  

The Kerr  McGee experiment 

N i t rogen  de te rm ina t ions  o f  these 

RESULTS AND O I S C U S S I O N  
' I  
1' _. 

Ine model compounds used as process so i ven ts  i n  t h e  i i q u e t a c t i o n  runs  were 
1-methylnapthalene ( M N ) ,  t e t r a 1  i n  (TET), 1,2,3,4-THQ, 2 ,3 -~yc lohexenopy r id ine  (CHP), 
1,2,3,4-tetrahydroisoquinol ine (THIQ),  l-methyl-2,3,4-trihydroquinoline (MTHQ) and 
q u i n o l i n e  (QU).  We determined ( 1 )  the e x t e n t  o f  convers ion t o  bo th  so l ven t  so lub le  
and d i s t i l l a t e  m a t e r i a l  and ( 2 )  t he  l e v e l  o f  so l ven t  i n c o r p o r a t i o n  i n t o  the  residuum 
i n  terms o f  s o l v e n t  b a s i c i t y ,  p o s i t i o n  and presence o f  donatable hydrogen, 
s u b s t i t u e n t  i n t e r f e r e n c e  (MTHQ) and presence o f  n i t r o g e n  i n  the r i n g  (THQ vs. CHP). 

A comparison o f  t he  to luene  and p y r i d i n e  convers ions obta ined f o r  these runs i s  
desc r ibed  i n  F igu re  1. With respec t  t o  these convers ions,  t he  s o l u b i l i t i e s  repo r ted  
were obta ined i n  the  presence o f  the process so l ven t .  Therefore, co-so lvency e f f e c t s  
may be  i nvo lved .  Fo r  exmp le ,  as expected percent  p y r i d i n e  convers ions a re  
c o n s i s t e n t l y  h ighe r  than  pe rcen t  to luene convers ions rega rd less  o f  t h e  model process 
so l ven t .  For  MN, TET and QU, t h e  d i f f e r e n c e s  average more than 25%; whereas, w i t h  
THQ, THIQ, MTHQ and CHP t h e  d i f f e r e n c e s  a re  6% o r  l e s s .  Co-solvency r a t h e r  than 
depo lymer i za t i on  t o  sma l le r  fragments may account f o r  t he  r e l a t i v e l y  h i g h  to luene  
s o l u b i l i t i e s  observed w i t h  most of t h e  n i t r o g e n - c o n t a i n i n g  so lvents .  
conve rs ion  t o  p y r i d i n e  so lub les  appears t o  be s o l e l y  dependent upon the  presence o f  
r e a d i l y  dona tab le  hydrogen as evidenced by comparing MN/TET (69.9% vs 96.8%) and 
QU/THQ (76.8% vs 95.5%). A dependence o f  t o luene  s o l u b l e  convers ion on the  presence 
o f  n i t r o g e n  i n  the  r i n g  system i s  no t  v e r y  s t r i k i n g ,  MN/QU (51.1% vs 54.2%); whereas, 
if t h e  n i t r o g e n  i s  accompanied by donatable hydrogen t h e  dependence i s  g r e a t ,  TET/QU 
(71.4% vs 89.5%). Dependence o f  convers ion t o  to luene o r  p y r i d i n e  s o l u b l e  products  
on  t h e  p o s i t i o n  of  n i t r o g e n  i n  the r i n g ,  t h e  b a s i c i t y  o f  t h e  model so l ven t  and the 
p o s i t i o n a l  r e l a t i o n s h i p  of n i t r o g e n  t o  the  donatable hydrogen i n  the  r i n g  s t r u c t u r e  
was n o t  found. 

The product  mass balances f o r  the samples obta ined through d i s t i l l a t i o n  are 
shown i n  F i g u r e  2. I n s p e c t i o n  o f  the  f i g u r e  demonstrates severa l  p o i n t s .  F i r s t ,  the 
o n l y  run t o  demonstrate a n e t  i nc rease  i n  d i s t i l l a t e  recove ry  was t h a t  o f  MN. I n  the 
TET case t h e r e  was a n e t  convers ion o f  t h e  i n s o l u b l e  MF coa l .  However, a recove ry  of 
v o l a t i l e  p roduc ts  demonstrated a convers ion t o  l i g h t  ends and gases r a t h e r  tahn t o  
s l i g h t l y  l e s s  v o l a t i l e  m a t e r i a l .  I n  a l l  o f  t he  n i t r o g e n  h e t e r o c y c l i c  cases, a n e t  
gain i n  residuum mass was found. I n  genera l ,  t h e  d i s t i l l a t e  recove r ies  were greater  
than t h a t  i n  the  t e t r a l i t  case bu t  t h e y  were s t i l l  l e s s  than t h a t  p r e d i c t e d  by t h e  
s i a r i i r i g  so i ven t  mass. 

o f  approx imate ly  10-15% o f  t h e  s t a r t i n g  so l ven t  mass. 
THIQ where even a l a r g e r  m o u n t  of process so l ven t  was l o s t  t o  t h e  l i g h t  ends 
m a t e r i a l .  

I 

I 

From these data 

lhe r e d u c t i o n  i n  d i s t i  I l a t e  recove ry  c o r r e l a t e s  w i t h  
i n c o r p o r a t i o n  o f  s o l v e n t  i n t o  the  residuum o r  a c rack ing  o f  d i s t i l l a t e  t o  l i g h t  ends ir 

The excep t ion  found here was 
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The n i t r o g e n  conten t  d i s t r i b u t i o n s  f o r  t h e  produc ts  recovered i n  these r u n s  are  
d i s p l a y e d  i n  F igure  3. The n i t r o g e n  analyses were ob ta ined from G a l b r a i t h  
L a b o r a t o r i e s  w i t h  use o f  t h e  K j e l d a h l  method. I n  t h e  cases o f  MN and t e t r a l i n ,  t h e  
s o l e  source o f  n i t r o g e n  w i t h i n  t h e  r u n  was t h e  coa l  i t s e l f .  
s h i f t  o f  n i t r o g e n  conten t  t o  t h e  d i s t i l l a t e  mass was found. 
approx imate ly  20% o f  t h e  n i t r o g e n  c o n t e n t  i n  t h e  coa l  i s  dynanic. 
h e t e r o c y c l i c  compounds were employed a cons iderab le  amount o f  t h e  n i t r o g e n  base was 
found t o  have adducted i n t o  t h e  residuum o r  l o s t  t o  t h e  l i g h t  ends. 
n i t r o g e n  increase i n  the  residuum r e f l e c t s  an i n c o r p o r a t i o n  o f  between 8 and 15% o f  
t h e  s t a r t i n g  so lvent  mass. 
expected r e d u c t i o n  i n  adduct ion d i d  n o t  occur.  D i s t i l l a t e  a n a l y s i s  v i a  GC-FTIR 
demonstrated t h a t  a r a p i d  d i s s o c i a t i o n  o f  MTHQ t o  THQ had occurred r e s u l t i n g  i n  a 
s i m i l a r  q u a n t i t y  o f  adduct ion.  

I n  b o t h  these produc ts  a 
Under these c o n d i t i o n s ,  

When n i t r o g e n  

The percent  

S t e r i c  i n t e r f e r e n c e  was n o t  found f o r  MTHQ s i n c e  t h e  

To f u r t h e r  d e l i n e a t e  and q u a n t i f y  t h e  c o a l - s o l v e n t  i n t e r a c t i o n ,  n i t r o g e n  and 
mass balance d a t a  have been ob ta ined on t h e  produc ts  produced from a l i q u e f a c t i o n  run 
performed by Kerr  kGee.  
11. Upon i n s p e c t i o n  o f  these data,  i t  i s  apparent t h a t  t h e  n i t r o g e n  c o n t e n t  o f  t h e  
i n i t i a l  so lvent  (THQ) i s  h i g h l y  mobi le.  Approximately 8.0% o f  t h e  o r i g i n a l  THQ 
m a t e r i a l  i s  l o s t  t o  l i g h t  ends, gas produc t  and residuum m a t e r i a l .  
o f  t h i s  l o s s  was t o  t h e  residuum (67.5% o f  N loss f rom s o l v e n t ) .  
f u r t h e r  found t o  be  r e s t r i c t e d  t o  the  s o l v e n t  (THF) s o l u b l e  m a t e r i a l .  
o f  t h e  l o s s  was t o  mmonia and small  c h a i n  a l k y l  m i n e s  l o c a t e d  i n  t h e  gas produc t  
and l i g h t  end. See F i g u r e  4. 

It i s  apparent f rom these d a t a  t h a t  adduc t ion  o f  process s o l v e n t  t o  
n o n - d i s t i l l a t e  and h i g h  b o i l i n g  d i s t i l l a t e  m a t e r i a l s  i s  s i g n i f i c a n t .  Though some 
breakdown of process s o l v e n t  was found, i t s  c o n t r i b u t i o n  t o  the  l o s s  o f  t h e  dynmoic 
n i t r o g e n  component i s  minimal i n  comparison t o  the  p r o b l e n  o f  adduct ion.  

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  are  presented i n  T a b l e  
\ 

The major  p o r t i o n  

The r m a i n e d e r  
Th is  adduc t ion  was 
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Mass 
THQ 
Tetra1 i n  
Sol vent 
io a1 
MF Coal 

TABLE I 1  

MASS BALANCE AND NITROGEN CONTENT DATA 

S t a r t i n g  Mater i  a1 

Tota l  W t .  N i t rogen 
200 g % c o n t r i b u t i o n  
-- b y  s o l v e n t  

200 g 
100 g by coa l  
75.9 g 

Recovered Products 

D i  s t i  11 a t e  Wt . 203.19 g Residuum Wt. 
%N 9.55% %N 
Wt. N 19.40 g W t .  N 
% T o t a l  N 89.48% % T o t a l  N 
Retained Ret a i  ned 

N e t  Gain o r  Loss Net Gain o r  Loss 
From s o l v e n t  f rom Mois tu re  f r e e  
( i n i t i a l  weight)  Coal ( i n i t i a l  weight)  

N i t r o g e n  -1.66 g N i t rogen 

Mass t3.19 g Mass 
(1.6% 

(-7.88%) 

% T o t a l  Mass 
Recovered as 
D i s t i l l a t e  and 
Res idum 

Produc t  D i s t r i b u t i o n s  

86.14% % T o t a l  Mass as 
L i g h t  Ends and Gas 
Product (by  
d i f f e r e n c e )  

% T o t a l  N i t r o g e n  97.51% 
Retained i n  Residuum 
and D i  s t i  11  a t e  

% T o t a l  N i t rogen 
i n  Gas Product 
and L i g h t  Ends 
( b y  d i f f e r e n c e )  

21.66 g 

97.14% 
(21.06 g) 
2.86% 
(0.62 g) 

55.23 g 
3.18% 
1.74 g 
8.03% 

-20.67 
( -2  7.2%7 
t1 .12  g 
(181%) 

13.86% 

2.49% 

/ I  

I 
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CONVERSION OF 
WYODAK #3 TO SOLUBLE PRODUCTS 

TOLUENE SOLUBLES 

I- 80 
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PYRIDINE SOLUBLES 



PRODUCT DISTRIBUTIONS 

PRODUCT DISTRIBUTIONS 
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MASS 
KERR MCGEE RUN P-24  
AN D N IT ROG EN D I ST R IBUT IONS 

F i g u r e  4 0 
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